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Abstract 

We consider supersymmetric inflation with the hybrid-type potential. In 
the absence of the symmetry that forbids Hubble- induced mass terms, the inflaton 
mass will be as large as the Hubble scale during inflation. We consider gravita- 
tional decay of the trigger field as the least decay mode and find that the damping 
caused by the dissipation can dominate the friction of the inflaton when the heavy 
trigger field is coupled to the inflaton. The dissipative damping provides a solution 
to the traditional n problem without introducing additional symmetry and interac- 
tions. Considering the spatial inhomogeneities of the dissipative coefficient, we find 
that modulated inflation (modulation of the inflaton velocity) can create significant 
curvature perturbations. 
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1 Introduction and model 



Warm inflation is known as the scenario of dissipative inflaton motionpQ. In this paper 
we address the generic situation where the inflaton field, which couples to a massive 
trigger field, dissipates its energy into light fields during inflation without introducing 
additional interactions. Namely, a trigger field % coupled to the inflaton with the 
interaction ~ \<fi 2 X 2 obtains large mass m x ~ g<p during inflation, and decays (at least 
gravitationally) into light matter with a decay rate 
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p 

The condition for fast decay (T x > H) is trivial. We define the critical value 0* by 

0* = ^ ^— (1.2) 

9 

and find that the decay into light matter (x ~^ 2"0) is efficient for > 0*. For a more 
concrete argument, we consider the hybrid-type potential with the superpotential 

W = g$(Q + Q--M 2 ), (1.3) 

where $ is the inflaton, and Q± are a pair of charged fields (trigger fields) that are 
responsible for reheating after inflation. For the region 3> M, we consider the typical 
flat potential 

V W = V, + f + + h,) + |A„|^, (1.4) 

where c# and A n are dimensionless parameters and n is an integer greater than 4. The 
first term Vj ~ g 2 M A denotes the inflaton potential caused by the trigger field, which is 
displaced from the true minimum to the origin. The terms proportional to A n originate 
from the typical supergravity action. For simplicity, we consider the trigger field Xi th e 
typical interaction given by 

£i = -^W, (1.5) 

and the decay rate T x = ^ > H. 

Since the decay into light matter (x ~^ 2-0) is effective during > 0*, the dissipative 
coefficient of the inflaton, which is mediated by the heavy trigger field Xi is given by[2] 
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where g ~ 0(1) is assumed^ The strength of the damping is measured by r, given by the 
dissipative coefficient and the Hubble parameter: 



r 

3H' 



;i.7) 



which can be used to rewrite the field equation of the dissipating field as 

+ 3#(l + r)0 + V(0,l% = O. (1.8) 
For the dissipation caused by gravitational decay, the ratio is given by 

where c r is a dimensionless constant! 3 ] Note that for the modest values of (p < M p and 
c r ~ 1, strong dissipation is not possible if the Hubble parameter is large (H > 10~ 3 M P ) 
during inflation. We thus implicitly assume inflation of the scale H <C 10 _3 M P . From 
the above equations, we find that strong dissipation defined by r > 1 is possible due to 
gravitational decay x ~> 2-0. For c r ~ 1, the condition r > 1 leads to a strong dissipative 
regime given by 

0>0 C = 1O0». (1.10) 



Thermalization of the decay product, which is very important in warm inflation, is not 
always important in solving the rj problem j Namely, if the dissipative coefficient is cal- 



culated in the zero-temperature limit, the dissipation may occur without thermalization, 
although inflation is not warm in that case. If the dissipation is strong for the gravita- 
tional decay, we do not need to introduce either additional symmetry that forbids a 0(H) 
mass or an artificial interaction that leads to very efficient decay of the trigger field. To 



2 For the decay rate T x = km x , the dissipative coefficient is given by T ~ 10 2 g 2 km x ^. 

3 Here we consider the most stringent situation with c r ~ 1. Namely, we do not consider a situation 

with many light matter fields, which may enhance the decay rate by a factor of n > 10 2 , where n is the 

number of light fields. The Planck-scale suppression can be relaxed if the cut-off scale appears below M p . 

These effects may lead to a very large c r 3> 1. 

4 In fact, massless gauge field might not exist in the very early Universe if all the gauge symmetries are 

completely broken by the large vacuum expectation values of the unstable flat directions. In this case, 

the light scalar field that remain after the symmetry breaking will be the flaton and its supersymmetric 

partner (the light flatino). 
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examine more explicitly the slow-roll conditions of dissipative inflaton, we introduce new 
slow-roll parameters for the motion, different from the conventional slow-roll parameters. 
They are given by 

e 
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" (1 + r) 

^ = (TTTp' (L11) 



m 2 p [V,, 



where the usual slow-roll parameters (e and rj) are defined by 

>■)'• 

rj ee Mf-f. (1.12) 

Here the subscript denotes the derivative with respect to the field. For warm evolution 
the third slow-roll parameter can be defined as 

which sometimes raises a trivial condition, depending on the model. Calculating the slow- 
roll parameter is straightforward. If the inflaton is far from the origin, terms proportional 
to (f) n dominate the potential. Then, using Vj ~ if 2 M 2 during inflation, the slow-roll 
parameters are given by 



P \H 2 M%- 1 ) (1 + r) 2 V c rM } 



X n (n - l)H(f) n - 2 1 10 6 x X n (n - l)ff0"- 8 

Vw ~ H 2 M^ (l+r) 2 ~ c r 2 M™- 7 < 1 j 

The condition e w < 1 leads to 

n = 4 — > A 4 < 10 -3 x c r 

/ \ \-l/(n-4) 

n>4 -> 0<MO 3 x-M M p , (1.16) 



and the second condition r\ w < 1 leads to 



n<8 -> ><#;< 8 ee 10 6 x ^ ^ , (1.17) 



n = 



- A„<10- 7 x^, (1.18) 

/ r 2 M \ 1/( ™~ 8) 

»>8 . ,<^ s ic-xj^ M, (1.19) 
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The simplest example is n = 4 and A 4 < 10 3 , which leads to dissipative slow-roll during 
> 4>n- We show a schematic picture in Figure 1. Introducing O defined by 

, , (c H HM;-*\ 1/{n - 2) , x 

|0o| ~ [ X J ) > (i- 20 ) 

we find that the above conditions are not applicable for < O , since in this region the 
quadratic term is more important than the higher dimensional terms. For < O , the 
slow-roll conditions are given by 

c H (p\ 2 1 flO 3 x c H HM v ^ 2 



M - lisfj (TT7F~t ^ ) < ^ (L21) 



C, 



' " 106 X C " HHi l < 1, (1.22) 



'1 + r) 2 c; 



which lead to 



< 1 -> 0> 



^103 X « 

^ < 1 -> > 10 x -5— ^ J . (1.23) 

We thus find that strong dissipation is indeed possible for <fi < <p . However, in contrast 
to standard hybrid inflation, the slow-roll does not end with the waterfall at <fi = (f> e . 

We thus find that slow-roll inflation is possible for gravitational dissipation, but the 
parameter space for the slow-rolling is not trivial, depending on the model. We show a 
schematic picture for a successful scenario in Figure 1. The distinguishing property of 
this scenario is the appearance of 0i that defines the end of dissipative slow-roll inflation. 
Note that in the usual hybrid-type inflation model, the end of inflation is defined by 
e = M 2 /g, where x — becomes unstable. In the present model, in contrast to non- 
dissipative inflation, the dissipative slow-roll ends at = 0i, where the dissipative slow- 
roll parameter reaches unity. The inflaton motion is fast during <f> e < <f> < <f>i, which 
occurs just before reheating at = e . 



2 Curvature perturbations 

In the above argument, we considered the 77-problem in supersymmetric inflation with 
the typical hybrid-type potential, and showed that dissipative slow-roll is possible. This 
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Cold Inflation Dissipative Inflation 

Figure 1: V(<p) represents the typical inflaton potential. The vacuum energy Vj decays 
at = (f) e , where the trigger field starts to roll toward the true minimum. <pN is defined 
at the horizon exit for the number of e-foldings N e . <p\ is derived from the dissipative 
slow-roll conditions. 



solves the traditional rj problem, though it is still not certain if the usual curvature pertur- 
bations created at the horizon exit meet the requirements of the primordial cosmological 
perturbations. In fact, the COBE normalization leads to [3] 

, rnK 3/2 M™- 6 10 -3 x c r nHM^' 5 
5.3xl(T 4 = , p x P b Jr,r T ), (2.1) 

*ntl(p N A n (p N 

where Pb g {r, Tt) denotes the possible correction from the background radiation. Of course, 
Pb g = 1 if there is no significant radiation background coupled to the inflaton. Here we 
have introduced a new parameter defined by vt = T/H > 1. The source of the radiation 
is not specified here. From the Langevin equation, the root-mean square fluctuation 
amplitude of the inflaton field 5(f) after the freeze out is obtained to be 

5<f> = P&g(r ^ r) H ~ {THfl^T 1 ' 2 ~ r^r^H (r>l,r T >l). (2.2) 

In the above argument, we assumed 4>n > <j>o- For <pN < <po, if the slow- roll conditions are 
satisfied, the COBE normalization leads to 

5.3 x ID" 4 = * 10- x (2 .3) 

M^H 2 <f) N Ml 
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These results depend crucially on the model. Notably, we cannot specify the temperature 
of the background radiation for the supersymmetric inflation model, since there are many 
directions in supersymmetric theory, which may dissipate and source the background [I], 
even though they are not the inflaton. 

The above curvature perturbations, which are calculated using the standard perturba- 
tions created at the horizon crossing, may not meet the cosmological requirements. How- 
ever, the mismatch does not mean that there is a crucial difficulty in the scenario. Namely, 
alternative scenarios for the curvature perturbations may be important for the model, as 
there are typically many flat directions in the supersymmetric inflation model. We thus 
consider in the next subsection an alternative for the generation of the curvature pertur- 
bations, which works specifically in the dissipative scenario. Other possibilities, such as 
inhomogeneous scenarios of phase transition [5], (p)reheating[ni Ej or curvatons[Sl Ej are 
not discussed in this paper, because they are not characteristic of dissipative inflation. 
See Ref. jl] for more applications of the warm-flat directions. 

3 Modulated inflation with inhomogeneous dissipa- 
tion 

The inflaton potential and the interactions during inflation may be inhomogeneous due 
to entropy perturbations related to light fields such as moduli or flat directions in the 
supersymmetric modelfTU]. The inhomogeneities in the potential or in the interactions 
may lead to inhomogeneous couplings or masses that may cause fluctuations of the inflaton 
velocity. This is the basic idea of modulated inflation [11]. A similar situation may lead 
to the inhomogeneous end of hybrid inflation, as has been discussed in Ref.|12j. However, 
in the present scenario the inflaton velocity at the end of inflation is rapid (i.e., e w ~ 1 or 
r] w ~ 1 at the end of inflation) and the perturbations caused by the end-boundary are less 
significant than the typical cosmological perturbations. On the other hand and contrary 
to the conventional (cold) hybrid model, the perturbations caused by the modulated 
inflaton velocity (5<j)) can be significant in the dissipative inflation model. In this section, 
we examine the scenario of modulated inflation in the dissipative inflation model. 
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For a typical example, we consider the S'-dependence of the dissipative coefficient 
T oc [g(S')] 3 and the corrections suppressed by the cut-off scale: 

g(S)=g (l + a 1 ^- + ..), (3.1) 



M * 

where S is a light field that may be warm during inflation|4J. It is possible to assume a 
hierarchy between the cut-off scale M* and the Planck scale (M* -C M p ). Note that in 
the usual cold model, in which the dissipation is negligible and x = during inflation, 
5g cannot cause fluctuations of the inflaton velocity. In contrast to the cold model, in 
the dissipative inflation model 5r/r ^ caused by 5g can lead to significant inhomo- 
geneities in the inflaton velocity. Inhomogeneous dissipation (5r /r ^ 0) creates curvature 
perturbations given by[llj 

5N ~ f 6 M^dt ~ 2N e — ~ Q ai N e ^-. (3.2) 

Here the flat direction S may obtain 0(H) mass from the supergravity, but it still can 
move slowly if the dissipation is significant for the flat direction[l]. Also, for the warm-flat 
direction S, the amplitude of the perturbation is given by 

5S ~ {YsH) 1 '^ ~ r^V/H, (3.3) 

which shows that the amplitude is characterized by its interaction. Here we considered 
strong dissipation r$ = Ts/3H > 1 for the light field S. The amplitude of the warm 
direction is always larger than the amplitude of the cold-flat direction. The source of 
the background radiation is not specified, since many directions in the supersymmetric 
theory may dissipate during inflation and contribute to the background radiation. The 
spectral index of the curvature perturbation is usually determined by the potential and 
the interaction of the light field S, but for dissipative inflation it may also depend on the 
background radiation which may be sourced from the other flat directions. 



4 Conclusions and discussion 

In this paper we considered a dissipative inflation model for conventional supergravity 
using the typical hybrid-type potential. If there is no symmetry that forbids Hubble- 
induced mass, the inflaton mass will be as large as the Hubble scale during inflation. This 
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is the famous rj problem of the supergravity inflation model. The purpose of this paper 
is to find a natural solution to the problem without introducing symmetries or artificial 
interactions that may ruin the simplicity of the original hybrid inflation. In order to solve 
the problem within the naive setup, we considered only the gravitational decay mode (the 
gravitational decay of the trigger field into light matter) and find that the dissipation of 
the inflaton may be large and can dominate the friction of the inflaton motion. Then we 
showed that dissipative damping can provide a solution to the traditional rj problem. The 
dissipative inflation scenario is of course not the same as the cold scenario. A significant 
discrepancy that characterizes the dissipative scenario is the way the inflation ends. In 
the usual cold model, inflation ends with the so-called "waterfall" of the trigger field at 
<fi = 4> e , while in the dissipative model slow-roll ends before the waterfall. The differences 
in the dynamics of the inflaton motion lead to differences in the inflationary scenario, 
especially for the generation of curvature perturbations. Considering the perturbations 
of the dissipative coefficient, we found that modulated inflation can create significant 
curvature perturbations. 
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